
Despite the remarkable scientific advances over the past 
few decades, little positive effect has been seen on the 
drug discovery industry. The increased investment in 
R&D has not yet paid off: there has been a steady decline 
in the number of drugs against new targets reaching the 
marketplace1. Analysts point to various reasons for this 
decrease in productivity. One surprising observation 
is that this decline coincides with the advent of com-
binatorial chemistry and high-throughput screening 
(HTS)2. The target-based approach — which is based 
on the assumption that disruption of a single gene or 
molecular mechanism is a key event in disease ontogeny 
— promised increased screening capacities and rational 
drug discovery, and has replaced the more traditional 
physiology-based approach that emerged more than two 
decades ago.

The perceived failure of this model for drug discov-
ery has sparked many debates about how to improve it. 
A common view is that disease or biology-relevant 
screens and models should be brought into the drug 
discovery process much earlier in an attempt to decrease 
the current drug attrition rate. Within this context, 
modern cell biology provides a means through which we 
can model different aspects of disease biology. Primary 
human cells can be used as in vitro systems in various 
therapeutic areas, and such biologically relevant cell 
assays are becoming increasingly recognized as screening 
tools that are robust and amenable to automation/HTS3. 
However, the realization of such a strategy requires 
practical tools that enable the implementation of a more 
biology-driven approach to drug discovery.

Cellular imaging is emerging as a crucial tool that 
would enable the integration of biological complex-
ity into drug discovery. However, cellular imaging has 
always been a largely descriptive science, and in its early 
days such techniques were solely amenable to small-
scale experimental samples, typically gathering data 

from 10–1,000 cells at a time. In addition, such systems 
required constant monitoring by highly skilled person-
nel, particularly when handling data extracted from 
digital images, limiting the use of imaging technologies 
to target identification or mechanism of action studies.

We define cellular imaging as the use of a system/tech-
nology capable of visualizing a cell population, single cell 
or subcellular structures, applied in combination with 
image-analysis tools. Such detection systems include (but 
are not limited to) microscopes, fluorescence macro-
confocal detectors and fluorometric imaging plate read-
ers (FLIPR) used with charge-coupled device (CCD) cameras. 
These systems generate a two-dimensional pixel array of 
information (a digital image) extracted from a particular 
biological event or tissue type. Various image-analysis 
tools have been developed to process the information in 
the digital image into meaningful parameters.

The ideal imaging system would allow high-resolu-
tion analysis of single cells, high throughput and kinetic 
studies on live cells, and would be linked to efficient 
data storage and compression systems as well as user-
friendly image-analysis programs. Although we have 
yet to attain this ideal, today’s imaging technologies are 
robust enough to be used in the pharmaceutical indus-
try. Modern imaging platforms allow plates to be read 
quickly, enabling an increased number of conditions 
to be tested in the same experiment. In addition to the 
reading of plates, the automation of image acquisition, 
processing and analysis with user-friendly interfaces 
greatly encouraged the integration of modern cellular 
imaging. Equally important (but beyond the scope of this 
review) have been the advances in labelling and detec-
tion materials. A survey published in 2005 indicated that 
cellular imaging is also now heavily used in secondary 
compound screening, and in compound progression4. 
Indeed, cell screening is expanding in all discovery 
organizations. Roche Pharmaceuticals increased cellular 
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Charge-coupled device 
camera
A charge-coupled device is a 
silicon chip whose surface is 
divided into light-sensitive 
pixels. When a photon hits a 
pixel it registers as an electric 
charge that can be counted. 
With large pixel arrays and high 
sensitivity, CCDs can create 
high-resolution images and are 
often incorporated into 
cameras to take such pictures.

Cellular imaging in drug discovery
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Abstract | Traditional screening paradigms often focus on single targets. To facilitate drug 
discovery in the more complex physiological environment of a cell or organism, powerful 
cellular imaging systems have been developed. The emergence of these detection 
technologies allows the quantitative analysis of cellular events and visualization of relevant 
cellular phenotypes. Cellular imaging facilitates the integration of complex biology into the 
screening process, and addresses both high-content and high-throughput needs. This review 
describes how cellular imaging technologies contribute to the drug discovery process.
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Laser-scanning microscopy
A laser beam passing a light 
source aperture is focused 
into a small focal volume in a 
fluorescent specimen. 
The mixture of emitted 
fluorescent and reflected laser 
light from the illuminated spot 
is then separated so that the 
laser light passes through and 
reflects the fluorescent light on 
to the detection apparatus.

Fluorescence resonance 
energy transfer
(FRET). FRET is a distance-
dependent interaction between 
the electronically excited states 
of two dyes that can be used to 
measure biological phenomena 
that produce changes in 
molecular proximity.

Multiphoton microscopy
A standard technique for 
three-dimensional imaging of 
thick fluorescent specimens.

screening from 20% in 1998 to 50% in 2003 (REF. 5). 
Serono cellular screening efforts increased from 5% in 
1998 to 50% in 2005. Clearly, cellular imaging is here to 
stay: it has been a mainstay in the technology platforms 
of most pharmaceutical companies for the past 3–6 
years, and its use is likely to increase in the future.

Cellular imaging can be used in all stages of target-
based drug discovery that involve the study of cells, 
including target discovery, drug screening in cell-based 
assays, early safety evaluation, mode-of-action studies 
and in vivo studies to monitor cell fate.

In this review, we present various cellular imaging 
technologies and describe how they can be applied in 
the drug discovery process. We also discuss how cel-
lular imaging has contributed to drug discovery and 
development from the delivery of new targets to the 
progression of lead compounds and clinical candidates, 
and how it could affect the efficiency of these processes 
in the future.

Target identification and validation
A target is usually a single gene, protein or molecular 
event that is thought to be involved in the aetiology of 
a disease. Cellular imaging has long been a tool used 
for target discovery, traditionally in the analysis of fixed 
tissue or cell samples. Visible-light microscopy allows 
non-invasive three-dimensional imaging of live and 
fixed cells at the sub-micron scale with high specificity, 
and is routinely used in laboratories to investigate the 
role of targets in cellular phenotypes. Nowadays, fluores-
cence microscopy has become one of the most popular 
imaging tools as its success was catalysed by the advent 
of fluorescent proteins and tags. Among the many types 
of fluorescence microscopy, confocal microscopy is now 
widely used in the pharmaceutical industry because this 
fairly simple-to-use method allows the imaging of cells in 
optical sections at high resolution, and allows multiplex-
ing of the interposed images. Laser-scanning microscopes 
work in a similar manner to confocals, but are much 
faster in performing optical sectioning.

The use of fluorescent proteins has revolutionized 
cell biology by enabling the behaviour of proteins to be 
tracked in live cells (BOX 1). We are beginning to exploit 
a wide range of fluorescent proteins using multicolour 
fluorescence microscopy to study diverse biological 
processes within cells and uncover new targets. Green 
fluorescent proteins, for instance, have been used for just 
such purposes. This has allowed the real-time analysis 
of the localization of two RAS GTPases (RAS and RAP) 
after epidermal growth factor (EGF) stimulation. This 
study assessed GFP–RBD (RAS-binding domain) locali-
zation in COS cells overexpressing the small GTPase of 
interest and GFP–RBD6. Such applications of fluorescent 
proteins are of great interest to researchers in the field of 
cancer biology, because it can be used as a read-out of 
post-translational processing, a pathway controlled by 
druggable cancer targets such as farnesyl transferases.
However, resolution is currently limited by the diffrac-
tion of light to 200 nm7. It is often impossible to distin-
guish between single objects and those that are simply 
in close proximity. Therefore, proteins that seem to be 

co-localized by fluorescence microscopy might actu-
ally be separated by a considerable molecular distance. 
Fluorescence resonance energy transfer (FRET) technology 
counters this problem through detection of the transfer 
of excitation energy from donor to fluorophore acceptor 
molecules, allowing spatial resolution of molecular prox-
imity in the scale of nanometres. This energy transfer 
can be captured using confocal or multiphoton microscopy. 
Temporal resolution of protein–protein interactions can 
be achieved using fluorescence lifetime imaging (FLIM)8. 
FLIM monitors localized changes in the fluorescence 
lifetime of probes and is well suited for analysis of 
dynamic changes within living cells. The application of 
FLIM in parallel with FRET can provide strong evidence 
for physical interactions between proteins with a high 
spatio-temporal resolution. Indeed, FLIM has been used 
in combination with a two-photon excitation system to 
monitor the kinetics of drug–DNA interactions in liv-
ing cells9. The docking of the anticancer drug topotecan 
(Hycamptin; GlaxoSmithKline) onto its binding site 
consisting of the topoisomerase I–DNA complex was 
visualized in live breast tumour cells using these tech-
niques. The FLIM–FRET combination has also been 
used to demonstrate that the low-density lipoprotein 
receptor-related protein (LRP) is a novel substrate for the 
β-secretase b-site APP-cleaving enzyme 1 (BACE1)10.

Another imaging technique applied in target dis-
covery is flow cytometry. This technique is based on 
the principle that individual particles (such as cells) 
suspended in a stream of liquid are individually inter-
rogated by a focused light source11. The most common 
system for labelling is the use of antibodies coupled 
to fluorescent moieties. Such systems can gather 
multi-parametric data from as many as 100,000 cells 
per second. Flow cytometry can also be used to isolate 
specific cells from a mixed population, making it a 
valuable tool for analysis of rare events. Flow cytom-
etry has been successfully applied to identify novel 
tumour-associated cell-surface markers as potential 
targets for biotherapeutics12. The expression of specific 
target antigens on CD34-positive/CD38-negative cells 
were analysed from a population of leukaemic stem cells 
from a patient with various myeloid malignancies, using 
multi-colour flow cytometry13. This study showed that 
target antigens (including CD13, CD33 and CD44) are 
expressed in neoplastic stem cells from various myeloid 
neoplasms, suggesting that these stem cells display a 
similar phenotype. Not all of these targets are expressed 
on all the neoplastic cells, and so specific combinations 
of targeted antibodies will be necessary to eliminate all 
of the tumour cells expressing various combinations of 
these markers.

With the advent of the human genome project in com-
bination with the extended use of new validation tools 
such as small interfering RNA (siRNA), target discovery 
teams are facing the challenge of assessing a large number 
of targets simultaneously. Nowadays, modern cellular 
imaging techniques are capable of quantifying cellular 
phenotypic changes (FIG. 1), allowing a detailed study of 
the role of a particular target in in vitro models that reflect 
the disease14–18, and the functional analysis of target and 
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Epifluorescence microscopy
This method uses a type of 
microscope that has a very 
bright light source. Ultraviolet, 
blue, yellow or red light from 
the light source is then used to 
energize the specimen, which 
will then re-emit light at various 
wavelengths to be viewed by 
the observer.

pathway modulation in living cells. Fluorescence-based 
microscopy techniques are versatile because of the avail-
ability of flexible resolution options and the possibility of 
using them at different magnifications (TABLE 1).

The power of such an approach has recently been 
highlighted in the discovery of new targets for cancer15. 
Morphological changes were induced in five human cell 
types (four cancer cell lines and one primary human 
cell) by a set of 107 small molecules (encompassing four 
scaffolds known to inhibit protein kinases). Cells were 
treated with various concentrations of compounds for 24 
hours and stained for visualization of the nuclei, Golgi 
apparatus and microtubules. Changes in such cellular 
processes provide unbiased analysis of the morpho-
logical effects induced by these chemicals, and has been 
validated by analysis of known pharmacologically active 
compounds from ten different mechanism of action 
classes. Image analysis using an epifluorescence micro-
scope led the authors to characterize each compound 
according to a morphological signature. They identified 
hydroxy-PP (a hydroxylated analogue of the pyrrolo-
pyrimidine Src kinase inhibitor, PP2), a compound that 
showed a morphological signature distinct from a known 
inhibitor of almost identical structure. Further molecu-
lar analysis revealed that this compound was targeting 
cellular NADPH-dependent carbonyl oxidoreductase 1 
(CBR1). This hypothesis was further validated by a study 
using siRNA, which uncovered the function of CBR1 in 
serum-mediated apoptosis.

Microscopy platforms that enable the assessment of 
phenotypic changes that are difficult to quantify, such 
as neurite outgrowth19 and cell migration20,21, allow not 
only the identification of targets through phenotypic 
screening but also have the potential to shed light on 
their role in complex cellular systems. In one study, 

confluent monolayers of epithelial cells in 384-well plates 
were subjected to scratch wounding prior to treatment 
with compounds to screen for compounds that affect 
wound healing and cell migration18. The actin cytoskel-
eton was visualized by phalloidin staining, and an image 
of each well was captured using automated microscopy. 
Compounds affecting wound healing were grouped 
according to their effects on cell phenotype, and further 
profiled against seven secondary assays. These efforts 
resulted in the identification of a new RHO kinase 
inhibitor with a novel scaffold that has potential for opti-
mization. In addition, unexpected molecules active in 
the process of wound healing, such as cyclin-dependent 
kinase (CDK) inhibitors and the kinase inhibitor Rottlerin 
were discovered, leading to the identification of new 
targets that could be important for wound healing.

Automated microscopy platforms can be run in 
medium- or high-throughput mode to screen thousands 
of cDNAs, siRNAs, aptamers, proteins and antibodies in 
cells in target discovery22. Recently, a chemical genetic 
study was performed in parallel with a genome-wide 
RNA interference (RNAi) screen to identify cytokinesis 
inhibitors and their targets23. This assay principle was 
based on the fact that cells that undergo mitosis nor-
mally but fail to undergo cytokinesis acquire two nuclei. 
To detect binucleate cells, an amine-reactive ester was 
used to stain the cytoplasm, and Hoechst dye was used to 
visualize the DNA. These inexpensive reagents allowed 
cost-efficient screening of about 20,000 RNAi and 50,000 
small molecules using automated fluorescence micros-
copy. This fast-track approach led to the identification of 
214 protein targets important for cytokinesis, including 
25 previously uncharacterized proteins. Furthermore, 
by comparative phenotypic analysis, the authors suc-
cessfully identified a class of small molecules with phe-
notypic effects on cells that had no RNAi counterpart, 
possibly because of a gain-of-function effect. In this 
case, cellular imaging allowed the quantification of phe-
notypes that were previously unquantifiable, facilitating 
the identification of novel targets.

Perhaps the most revolutionary feature of modern 
cellular imaging in target discovery is to provide a multi-
dimensional aspect for each experiment performed. The 
potential for measurement of multiple parameters allows 
for the analysis of biological responses towards different 
stimuli24,25. For instance, such information could provide 
clues as to how cancer cells exploit signalling pathways 
for continued growth, and thereby reveal potential new 
targets for therapeutic intervention. This multiplexing 
approach has been successfully applied for profiling can-
cer cell signalling networks in patients26. In this study, 
flow cytometry analysis allowed the detection of up to 13 
activated signalling molecules per CD33-positive myeloid 
cell isolated from patients. The authors performed single-
cell measurements to detect changes in signalling patterns 
of phospho-protein networks, enabling both the classifi-
cation of patients as well as the identification of targets. In 
the field of immunology, profiling of multiple cytokines 
or intracellular signalling molecules can be performed 
in the same well, allowing researchers to identify targets 
involved in the T-cell response. Tools such as cytometric 

Box 1 | Fluorescent reporter probes

During the past decade, the development of fluorescent proteins from marine 
organisms has revolutionized the study of protein localization and function in living 
cells. These fluorescent proteins provide convenient markers for gene expression and 
protein targeting in vivo, from single cells to whole organisms112. Genetically encoded 
proteins expressed endogenously within cells as fusion proteins with fluorescent 
markers are more likely to retain their native localization patterns and functional 
activities113. Today, many options exist for the fluorescent tagging or labelling of 
proteins. The most well-known fluorescent probe, isolated from the jellyfish Aqueorea 
victoria, is known as green fluorescent protein (GFP). Spectral variants of GFP exist in 
different colours, including blue, cyan and yellow-green. The discovery of red 
fluorescent proteins from Anthozoan corals has expanded the colour repertoire112. 
These red and far-red fluorescent proteins are of special interest, as eukaryotic cells and 
tissues display reduced autofluorescence at these wavelengths. Longer excitation 
wavelengths also mean less damage to proteins and DNA, and less photobleaching. 
These fluorescent proteins are members of a homologous protein family, ranging in size 
from 25 to 30 kDa, and form internal chromophores that do not require cofactors or 
substrates to fluoresce114.Their high extinction coefficients and high quantum yields 
mean that these proteins fluoresce very brightly. However, a disadvantage is that the 
size of such protein tags could alter cell physiology or protein function. In addition, 
costly patent issues hamper the use of many fluorescent proteins for large-scale 
screening purposes. In addition to the GFPs, the development of many other fluorescent 
systems is underway. The recent developments in photoactivatable fluorescent proteins, 
capable of pronounced changes in their spectral properties in response to irradiation 
with specific wavelengths of light, hold much promise for applications in the kinetic 
microscopy of living cells115.
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bead arrays (beads coated with antibodies against the 
target of choice)27 when used in combination with flow 
cytometry or fluorescence macro-confocal imaging allow 
researchers to assess how disease phenotypes can be 
modulated. For instance, interleukin-25 (IL-25), a newly 
identified TH2 cytokine capable of amplifying allergic 
inflammation, has been shown to induce secretions of a 
subset of cytokines (such as monocyte chemoattractant 
protein 1 (MCP1), macrophage inflammatory protein 
1α (MIP1α), IL-6 and IL-8) in eosinophils28. Such multi-
plexed read-outs are useful tools for the assessment of 
multiple targets involved in a particular disease.

Compound screening
The combined advances in the industrialization of cell 
biology and the introduction of cellular imaging screen-
ing devices has allowed us to define the concept of parallel 
screening (FIG. 2). In this context, cellular imaging platforms 
confer distinct advantages compared with other types of 
read-outs (such as non-image-based plate readers)29,30: for 
example, imaging of a whole area using a laser-scanning 
device (as is the case for one cellular imaging platform) 
is much faster than moving individual cells in front of a 
detector (as for non-imaging plate readers). In addition to 
speed, cellular imagers provide flexible resolution options. 
A cell population can therefore be monitored using low 
resolution31,32, whereas changes in subcellular structures 
can be recorded using high resolution5,33–36. Screening for 
cell-proliferation inhibitors in cancer biology could be 

Figure 1 | Cellular imaging applications. Cellular 
imaging platforms enable the detection of cellular 
phenotypic changes in a cell population. a | Addition of 
a protein on peripheral blood mononuclear cells followed 
by flow cytometry analysis allows the detection of 
neutrophil cell-shape change (purple), whereas 
lymphocyte shape is unaffected (blue). b | Phenotypic 
changes such as neurite outgrowth can also be quantified 
using automated microscopy platforms. Following 
addition of nerve growth factor (NGF), a rat 
pheochromocytoma cell line (NS-1) exhibits neurite 
outgrowth (highlighted in green) that can be detected 
using fluorescence staining and automatically 
quantified by powerful cell-pattern-recognition software. 
c | Screening for subcellular changes is also possible using 
cellular imaging platforms. Following stimulation, 
translocation of an intracellular protein from cytosol to 
nucleus is detected and quantified by means of 
fluorescently labelled antibodies, such as phosphorylated 
extracellular signal-regulated kinase antibodies in HeLa 
cells132. d | Fluorometric imaging plate readers monitor 
the kinetics of intracellular calcium release as a read-out 
of a generic second-messenger. After stimulation, cells 
release calcium from the endoplasmic reticulum into the 
cytosol that in turn will react with a calcium-sensitive 
fluorescent dye. Graphs show calcium release in 
G-protein-coupled receptor (GPCR)-transfected Chinese 
hamster ovary cells. The graph on the right depicts the 
kinetics of calcium flux after stimulation. e | Flow 
cytometry analysis of surface antigen upregulation in 
human blood cells can be used as clinical biomarkers. 
Here, stimulation of whole blood with lipopolysaccharide 
(LPS) leads to CD11b upregulation on neutrophils.

R E V I E W S

346 | APRIL 2006 | VOLUME 5  www.nature.com/reviews/drugdisc



taken as a case study. Here, cellular imaging techniques 
can be used at low magnification/low resolution to moni-
tor compound potency on the whole-cell population of a 
well. By contrast, determination of which stage in the cell 
cycle a particular compound exerts its effects requires the 
same machine to be used in high-magnification/high-
resolution mode. The use of high and low resolution 
can therefore be exploited to provide complementary 
information during compound screening37.

Many screening groups have been using cellular 
imaging for HTS purposes for more than 10 years, 
particularly for screening G-protein-coupled receptor 
(GPCR) modulators using FLIPR38. A generic read-out 
for GPCR functional activity is calcium flux, a second 
messenger released as a result of receptor stimulation. 
FLIPR is popular for these purposes as it allows the moni-
toring of calcium flux kinetics in whole cells through the 
use of calcium-sensitive dyes. Usually, calcium flux is 
assessed in cell lines stably transfected with the GPCR 
of interest, such as adrenergic receptors39, melanocortin 
receptors40, neurokinin receptors41 or purinergic P2Y 
receptors42. Similarly, FLIPR has been used for screening 
voltage-gated sodium channels43 or glycine transporters 
in overexpressed cellular systems through the use of dyes 
to measure membrane potential44.

The advent of automation in combination with 
sophisticated yet user-friendly image analysis software 
resulted in another generation of imaging platforms 
able to provide a wealth of information from single cells. 
The recent commercial success of automated imaging 
platforms from companies such as Cellomics45–47, TTP48, 
Evotec49, Molecular Devices (see Further information) 
and GE-Healthcare50,51 is largely due to their easy-to-use 
features, minimal supervision requirements and user-
friendly software. TABLE 2 summarizes the contents of 
some of these platforms.

These new technologies provide flexibility in terms of 
resolution. When used at low resolution, they are able to 
quantify phenotypic changes across entire cell popula-
tions (such as changes in cell number and cell shape). 
In high-resolution mode, subcellular changes can be 
quantified (such as protein translocation across subcel-
lular compartments). In addition, data-analysis software 
provides researchers with a wide choice of parameters for 
analysis, including number of neurites per cell, average 

neurite length and number of branch points. Companies 
such as Cellomics also provide their customers with 
optimized reagents for their platforms (even optimized 
cell lines), which significantly reduces assay development 
time. Therefore, certain applications, such as neurite 
outgrowth19 or nuclear translocation assays5 (which are 
traditionally run in low throughput), can now be run in 
medium-throughput-screening mode.

Currently, most cellular imaging devices are used for 
secondary screening or lead optimization52,53, as they 
are able to provide multiple types of information on 
compound selectivity in a cellular context using their 
multiplexing capacities. For example, a cell-based assay 
enabling detection and quantification of nuclear factor-
κB (NF-κB), p38 and c-JUN translocation in response 
to inflammatory stimuli was successfully used to profile 
compound selectivity between these signalling path-
ways54. Multiplexing of read-outs in this case enabled 
researchers to obtain selectivity information in the same 
experiment that measured compound activity.

However, implementation of these assays onto cell-
imaging-screening platforms confers several challenges. 
The first is to properly validate these assays, especially 
in the case of those that have not been pre-optimized 
by the vendors. For example, optimization of staining 
conditions is often difficult, as many commercially avail-
able antibodies have not been validated for use under 
these conditions. Such ‘home-made’ protocols can still 
be validated and run, but often with a lower throughput 
and under the supervision of a highly skilled person.

The second challenge is to combine the biological 
relevance of cellular imaging assays with a reasonable 
throughput. Currently, most robotic platforms have been 
set up to deal with simpler assays, mostly biochemical 
ones. The challenge is to automate more complex cell-based 
assays with higher throughput, while maintaining the nec-
essary robustness and integrity of the living cells. Most of 
the time, these assays are run in 96-well format (although 
many can be run in 384-well plates). The time needed for 
processing each plate depends on the desired resolution 
and the number of cells per well. Typically, a 96-well plate 
can be processed in 5 minutes for a low-resolution applica-
tion, whereas a high-resolution screen can take up to 120 
minutes per plate when detecting rare events (P.L., K.Y., 
A.N. and A.S; unpublished observations).

Table 1 | Cellular imaging techniques commonly used for in vitro applications

Technique Resolution Applications Therapeutic area

Low-magnification 
fluorescence 
microscopy

500 µm–
1mm

Entire cell populations: phenotype, proliferation, 
toxicity, migration and angiogenesis

Oncology and 
cardiovascular disease

Medium-magnification 
fluorescence 
microscopy

10–50 µm Subpopulation analysis: individual cell 
phenotype, for example, neurite outgrowth or cell 
differentiation

Neurology, metabolic 
diseases and 
cardiovascular disease

High-magnification 
fluorescence 
microscopy

1 µm Intracellular molecular events: nuclear 
translocation, micronucleus formation and mitosis

Oncology, inflammation 
and neurology

Flow cytometry/laser 
scanning devices

1–30 µm Subpopulation analysis or intracellular 
modifications: surface marker regulation, whole 
blood cells, phenotypic changes and proliferation

Autoimmunity, 
inflammation and 
cardiovascular disease
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a  Sequential screening

Molecular
HTS

Secondary
screening

DMPK early
safety evaluation

In vivo
testing

Mode of action
biomarker

Hit

Hit

Lead

Compound 
libraries
(for example, 
small molecules,
peptides and 
antibodies)

b  Parallel screening

Molecular
HTS

Cellular HTS

Early toxicity
studies
(metabolism,
toxicity)

DMPK/in vivo testing

Mode of action
biomarker

Lead

The third challenge is the handling and analysis of 
data. Typically, multiple images are collected from each 
well at different magnifications, and processed by the 
integrated system software that analyses each image, 
recognizes appropriate cell patterns, and extracts 
measurements relevant to the biological application. 
This process results in the generation of a vast amount 
of numerical data, which needs to be stored in tera-
byte-sized databases (except in the case of laser scan-
ner-generated data, which require less space). There 

is much pressure to find the appropriate data storage 
and management solutions, as raw images need to be 
archived for 6–10 years4.

Finally, the last challenge lies with the choice of read-
out: the chosen parameters have to be robust, with high 
signal-to-noise ratios, and reflect the desired biology 
as closely as possible. Indeed, image algorithms can 
provide scientists with various parameters related to an 
observed biological event. The challenge will be to select 
the correct parameters with which to mine the data.

Figure 2 | Sequential versus parallel screening. Target-based drug discovery is organized as a series of sequential steps 
that enable characterization of molecular entities. a | Shows the sequential approach in which high-throughput screening 
(HTS) against single targets generates hits that are subsequently tested in functional secondary assays, followed by 
preclinical pharmacokinetics (PKs), absorption, distribution, metabolism, excretion and toxicity (ADMET), and in vivo 
studies. The resulting lead is then tested in Phase I–III trials and biomarkers are developed to enable studies of the 
compound’s mode of action in humans. b | The application of cellular imaging could reshape the process, resulting in a 
more parallel screening approach. Molecular entities would be screened using high-content cellular assays that allow the 
simultaneous assessment of compound potency and toxicity. Where appropriate, screening could also be performed in 
parallel, enabling selection of compounds with different mechanisms of action and early rejection of those with toxic 
effects, thereby enriching the quality of the hits. After in vivo testing, active hits can be transferred to cellular imaging 
platforms for biomarker/mechanism of action studies. 
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Screening using cellular imaging is still in its infancy, 
as many hurdles need to be overcome before we can 
tap its full potential. In order to fully adapt it for HTS, 
systems with higher resolution, faster imaging and 
automation capacities, more flexible configurations 
and more reliable data-mining algorithms are needed. 
Although more and more assays are becoming robust, 
cellular imaging technologies still remain complex and 
costly. For example, bulk reagents, including antibodies 
and fluorescent probes, currently account for 31% of the 
operating budget of a cellular imaging platform, whereas 
11% of the budget is dedicated to the purchase of new 
software4. However, despite the current limitations, 
cellular imaging techniques are very promising screening 
tools, as discussed below.

Drug discovery often focuses on molecular events 
that can be detected in cells or that affect cell–cell con-
tacts. For example, in a search for compounds affecting 
cell–cell interaction, a series of gap junction inhibitors 
were identified by screening several hundred thousand 
compounds, using an automated cell imager55. This 
assay was run in 384-well format, and the use of live 
cells and the reading time per plate (43 minutes) lim-
ited screening campaigns to 12 plates per day. This led 
to the identification of selective gap-junction blockers 
useful for preventing the propagation of injury during 
ischaemia. In a similar strategy, the translocation of sig-
nalling molecules from one subcellular compartment 
to another was analysed in high-throughput mode56,57. 
In another example, FLIPR was used to identify small-
molecule AKT pathway inhibitors in cells. The use of 
a 96-well format allowed medium- to high-throughput 
(5,000 compounds per day) screening campaigns. The 
selected hits were then further studied using enzymatic 
assays or high-content screening systems, resulting in 

the identification of several classes of translocation 
inhibitors with various modes of action (kinase activity 
inhibitors, modulators of protein–protein interactions 
and other pathway inhibitors)56.

Currently, the use of cell lines is prevalent throughout 
the screening process. However, these are often derived 
from transformed cells, and although such cell lines have 
an improved proliferative capacity, they often display 
aberrant genetic and functional characteristics. The closer 
a cultured cell system matches the cells in human target 
tissues, the more likely it is that results obtained from such 
systems will be predictive of efficacy and safety in vivo. 
However, these cells are often limited in quantity and 
are difficult to obtain, and for certain tissue types (such 
as human neuronal cells) tissue is simply not available. 
Therefore, the use of primary cells is generally restricted to 
use at later stages of drug development. However, various 
alternatives are being explored to enable the use of primary 
cells in high-throughput mode. For instance, the concept 
of conditional immortalization provides the ability to 
switch off the effect of immortalizing oncogenes once the 
appropriate number of cells has been generated58. This 
strategy has been used to generate screenable quantities 
of myogenic, hepatic and neural cells59. Embryonic stem 
cells (ESCs) also provide an attractive alternative, which 
might allow the development of predictive screening 
assays that can deliver higher-quality leads60.

Today, the stem-cell field is already benefiting from 
cellular imaging, such as for monitoring stem-cell fate 
in vivo (BOX 2). However, the application of mammalian 
stem cells in screening is still in its infancy, limited by 
robustness issues such as inappropriate cell differentia-
tion and insufficient biomass. In vitro differentiation of 
totipotent stem cells can result in many cell types, and 
selecting particular cells of interest (such as neurons) 

Table 2 | Most widely used automated cellular imaging platforms in industry in 2005*

Company Brand 
name

Detection 
system

Plate 
handling?

CCD 
cameras?

Data storage? Image-analysis 
software?

Assay-
ready kits?

Throughput

Cellomics ArrayScan 
HCS

Automated 
fluorescent 
microscope

Yes Yes Yes: data point 
linked to the cell 
image from which it 
is generated

Yes Yes Medium 
(<50,000 data 
points per day)

TTP LabTech Acumen 
Explorer

Laser scanning 
fluorescence 
microplate 
cytometer

No No Yes: the absence of 
an image-processing 
stage allows the 
reduction of data 
files to 50kb in 
screening mode

Yes No Medium 
(<50,000 data 
points per day)

Evotec 
Technologies

Opera Automated 
confocal 
microscopy

Yes Yes: images 
are stored in 
a separate 
file space

Yes: images are 
stored in a separate 
file space

Yes No High (>1 
million data 
points per day)

Molecular 
Devices

Discovery I Automated 
fluorescent 
microscopy

Yes Yes Yes: data point 
linked to the cell 
image from which it 
is generated

Yes No Medium 
(<50,000 data 
points per day)

GE 
Healthcare

INCell 
Analyzer 
3000

Automated 
confocal 
microscopy

Yes Yes Yes Yes Yes High (>1 
million data 
points per day)

*At least one of these platforms is currently used in multiple discovery sites of the top 15 pharmaceutical companies, as well as in many biotechnology companies 
and academic research centres. CCD, charge-coupled device.
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Fluorescence-activated cell 
sorter
(FACS). A FACS is a machine 
that can rapidly separate cells 
in suspension on the basis of 
size and the colour of their 
fluorescence.

depends on the expression of marker proteins that can 
be exploited for the separation process. Here, cellular 
imaging techniques are perfectly adapted to the selection 
and isolation of specific cell populations for subsequent 
screening. Fluorescence-activated cell sorting (FACS) can be 
used to select the appropriate mammalian ESC deriva-
tives, such as macrophages61 (for example, by selecting 
for the IL-1 receptor) or endothelial cells62. In vitro differ-
entiation protocols for murine ESC are becoming robust 
enough to be applied for screening purposes63. These cells 
can also be modified to incorporate reporter genes so that 
agonist or antagonist compounds that interact with the 
target protein can be readily identified by HTS60. Murine 
ESC are also elegant tools for assessment of the teratogenic 
and embryotoxic potential of drugs and chemicals64. The 
multiplexing capacity of flow cytometers and automated 
microscopy platforms enables the screening of mixed 
populations of differentiated ESC, therefore avoiding 
multiple selection runs. Indeed, the use of multiple but 
specific neuronal differentiation protocols for human 
stem cells in parallel could lead to the generation of oli-
godendrocytes, astrocytes and neurons in the same well65. 
Subpopulation identification is therefore essential, and 
screening of cell subpopulations using cellular imaging 

can yield a vast amount of data from only a few thou-
sand cells per well. This approach could be very useful 
for evaluating compound mode of action, or to improve 
optimization of leads.

Early safety evaluation
Of the numerous drug candidates that fail en route 
towards becoming approved as drugs, approximately 
30% fail because of toxicity and clinical safety66. The 
current approach to identifying new drugs is to first 
achieve potency and biological activity before the new 
drug candidate is evaluated for toxicity in animals. The 
requirement for large quantities of compound for toxicity 
studies necessitates a complicated scale-up process. The 
large quantities needed restrict experimental analysis 
and throughput67, and a lack of in vitro predictive tools 
for toxicity means that these studies are not carried out 
until the preclinical stage. Therefore, any failure occur-
ring late in development increases the cost of drug 
discovery. The current focus is to improve preclinical 
administration, distribution, metabolism, excretion and 
toxicity (ADMET) studies68, using predictive approaches 
such as toxicogenomics69. However, the understanding 
and prediction of the molecular basis of toxicology 
remains a major challenge.

The use of cellular imaging systems could offer dis-
tinct advantages in studies of ADMET and drug–drug 
interactions70, providing an attractive complement to 
classical toxicology studies with biologically relevant in 
vitro tests performed at an early stage of drug develop-
ment. The higher throughput, lower costs and lower 
quantities of compounds needed compared with clas-
sical in vivo-based ADMET assays71 render imaging 
techniques highly suitable. In parallel with the assess-
ment of their biological activity, toxicity testing of com-
pounds in cells will help to define whether the cellular 
activity observed is related to target inhibition or to a 
compound-mediated toxic effect. The use of cellular 
imaging, along with its multiplexing capacities, enables 
the simultaneous assessment of desired on-target effects 
versus off-target toxic effects. A recent study described 
the use of automated microscopic platforms to quantify 
the nuclear translocation of various signalling molecules 
activating IL-1β expression (such as c-JUN, p38 and 
NF-κB). Specificity of selective small-molecule inhibi-
tors against each of these targets was assessed by quanti-
fying inhibition of nuclear translocation, while parallel 
analysis of nuclear staining intensity, total number of 
cells per well, nuclear shape and staining intensity ruled 
out compound-induced cell toxicity54. 

This process will not replace classical in vivo toxicol-
ogy experiments, but rather will narrow down the selec-
tion of molecules by better characterizing them in vitro, 
enabling a greater chance of success in in vivo studies. 
In addition, it will permit a more detailed analysis of 
subtle, sub-lethal cellular phenotype changes, such as 
changes in cell shape or metabolism, which cannot be 
assessed using classical toxicology studies. Multiplexing 
several read-outs in the same well using hepatocytes (the 
classical cellular model for toxicology) could shed light on 
the mechanism of toxicity caused by various compounds. 

Box 2 | Cellular imaging and cell therapies

There is great promise in the use of cells as a means of delivering therapeutics, or as a 
therapy themselves. In the early 1990s, clinical immunotherapy trials were performed in 
which ex-vivo interleukin-2 (IL-2)-activated lymphocytes were transfused into patients 
with metastatic renal-cell carcinoma116 in order to activate the patients’ natural killer cell 
activity. Today, there is hope that the use of cell therapy for transplantation117–119, treating 
myocardial infarction120,121, severe autoimmune disease122,123 or Alzheimer’s disease124,125 
will be successful. However, non-invasive techniques need to be designed to monitor the 
fate of these cells following in vivo administration.

Modern cell biology in combination with state-of-the-art imaging techniques has 
triggered a revolution in whole-organism studies. Aside from in vivo studies, new 
generations of cellular therapeutics such as those based on neuronal progenitor cells or 
stem cells are already in early-stage clinical trials126,127. Cellular imaging has not only been 
crucial in the purification of stem cells, but is also essential for tracking the fate of these 
cells when transplanted into patients. Currently, cells are labelled ex vivo using markers 
such as BrdU, green fluorescent protein or LacZ before injection, and analysis of such 
cells entails their removal from the body. The use of magnetic resonance imaging (MRI) 
provides the possibility for non-invasive whole-body imaging with a resolution of 
25–50 µm, which is approaching the resolution of a single cell. To this end, several 
different contrast agents have been developed based on the concept of loading cells 
with superparamagnetic compounds such as superparamagnetic iron oxide particles 
(SPIO)128,129. Ferumoxides such as SPIO and a liposome agent that facilitates cell loading 
— protamine sulphate — have been FDA-approved for labelling a variety of cell types 
without adverse short- or long-term effects on cell viability, proliferation or 
differentiation129. A recent study assessed the feasibility of labelling human neural stem 
cells with SPIO and tracking them by MRI after transplantation into a patient with open 
brain trauma130. The labelled cells could be tracked non-invasively up to 7 days post-
surgery using MRI, and were shown to successfully populate the border zone of the 
damaged tissue around the lesion.

Ideally, imaging technology used for tracking transplanted cells would have single-cell-
resolution capacities, and would permit quantification of the exact number of cells at a 
given anatomical location. In addition, tracking of such cells should be feasible over 
periods of months to years, as clinical trials require long-term follow-up studies. 
Although many imaging technologies could theoretically be used to monitor the in vivo 
fate of stem cells (that is, ultrasound, high-energy photon imaging or MRI), further work 
needs to be done to optimize these techniques for clinical use131. Nevertheless, it is likely 
that cellular labelling and imaging technologies will have a major role in advancing cell 
therapy in the future.
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TUNEL
Terminal deoxynucleotidyl 
transferase-mediated dUTP 
nick-end-labelling is used for 
quantifying apoptosis at the 
single-cell-level based on 
labelling of free 3′-OH 
terminals that occur as a result 
of DNA strand breaks.

One could imagine assessing in parallel the dose-depend-
ent effects of a compound on many cellular parameters, 
such as apoptosis (using caspase antibodies), cell number 
(nuclear staining) and DNA damage (TUNEL). Such 
in vitro experiments will enable us to understand whether 
toxicity is related to the chemical nature of the compound 
(facilitating the choice of another class of compounds) or 
to the molecular target itself.

The study of DNA damage at the chromosome level is 
an essential part of genetic toxicology because chromo-
somal mutation is an important event in carcinogenesis. 
Currently, the genotoxicity of compounds is assessed 
using the chromosomal aberration assay (in vivo micro-
nucleus assay)72. This test uses bone-marrow-derived cells 
from compound-treated rodents to assess chromosomal 
content by means of immunostaining and manual scor-
ing. Although biologically relevant, the disadvantages of 
this assay are its low throughput, high costs related to 
the amount of compound needed for testing and lack 
of accurate quantification. The classical chromosome 
aberration test requires several hundred milligrams of 
lead compound for testing and the turnaround time 
for the results is 40–70 days. An image-based in vitro 
micronucleus assay has been developed as an early test 
for genotoxicity (BOX 3). The results obtained correlate 
well with those obtained from chromosomal aberration 
assays73.The cost per compound for testing using the 
in vitro micronucleus assay is less than €3,000, compared 
with more than €10,000 per compound using its in vivo 

counterpart (contract research organization quotes). The 
in vitro assay requires only 1–5 milligrams of compound 
for testing, provides the benefits of increased throughput 
and lower cost, and can be used to generate quantifiable 
dose–response data. The concept of the in vitro micro-
nucleus assay has been around for several years74. But 
the real breakthrough now is the use of cellular imag-
ing technology to quantify micronucleus formation in 
a high-content, high-throughput format. This assay is 
now becoming a mainstay in modern toxicology plat-
forms, and is currently used by various pharmaceutical 
companies. The implementation of such technology does 
not abrogate use of the classical ‘comet’ or chromosomal 
aberration assays; rather, it enables us to assess earlier 
and with a higher throughput the potential effect of these 
compounds in vitro, bringing better characterized leads 
for testing in in vivo models.

Overall, cellular imaging confers a systematic 
approach to the study of pathways that can be modified 
by a given compound75, allowing better prediction of 
the tissues most likely to be affected. In the future, the 
integration of experimental and predictive cellular data 
in combination with functional read-outs should facili-
tate the decision to stop or continue the development of 
specific molecules much earlier76.

Early clinical development
Mode of action and biomarkers. Regulatory authorities 
are making increasing demands on drug developers to 
better characterize the mode of action of drugs and to 
reduce the risk of adverse drug reactions occurring in 
the clinic77. There is much pressure on preclinical drug 
development to provide certain key studies, such as 
bioanalytical assays capable of measuring the efficacy of 
drugs in a biological milieu, and proof-of-concept studies 
to understand their modes of action78–80. The application 
of more sensitive analytical methods, and advances in 
proteomics81,82 and human genetics83, have led to the 
identification of relevant biomarkers that will enable 
researchers to identify and characterize suitable patient 
populations for specific drugs, bringing personalized 
medicine one step closer84–88.

Cellular imaging systems with multiplexed read-outs 
to test drug dose–response relationships, and pharma-
cokinetics on live cells might complement the infor-
mation obtained from transcriptional and proteomic 
analyses, enabling a better selection of biomarkers for 
use in the clinic89,90. For instance, biomarkers such as 
CD4, in combination with analysis of viral loads by flow 
cytometry, have been instrumental to fast-track drug 
development and approval in HIV medicine91.

High-content cellular imaging has recently been used 
to identify potential mechanisms of action of unchar-
acterized drugs92. Automated microscopy was applied 
to assess whether a set of compounds could affect the 
biology of a cell line of interest, and whether profiles of 
drug activity could be generated. The authors tested a 
set of compounds on HeLa cells (a human cancer cell 
line), including well-characterized molecules, as well 
as compounds with unknown modes of action. Treated 
cells were stained with various fluorescent probes that 

Box 3 | In vitro micronucleus assay

The micronucleus assay (a system for detecting genotoxic agents that modify 
chromosome structure and segregation) can now be used as part of a series of 
genotoxicity tests required by regulatory agencies prior to drug approval. Micronuclei 
are pieces of damaged chromosomes or entire chromosomes that have failed to become 
included in daughter nuclei during cell division, and are therefore a convenient measure 
of genotoxicity. Today, the most commonly used assay to quantify micronucleus 
formation is the in vivo mammalian erythrocyte precursor assay. This assay is low 
throughput, requires large quantities of compound (gram scale), requires specialized 
staff, and is both labour- and time-intensive. By contrast, an in vitro micronucleus assay 
using cultures of established mammalian cell lines can overcome most of the hurdles 
described above. Briefly, cultured cells are treated for 24 hours in the absence (a) or 
presence (b) of compounds and scored for micronucleus induction using fluorescent dyes 
(see figure below). Micronuclei are circled in yellow and nuclei are depicted in blue. 
Automated cellular imaging platforms allow quantification of such phenotypes using a 
medium- or high-throughput format. As far less of a compound is required for such an 
assay, in vitro micronucleus formation can be assessed much earlier on in the drug 
discovery pipeline, making structure–genotoxicity relationships a possible means for 
compound characterization.
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Intravital microscopy
The observation of cell fate in a 
living organism by the detection 
of green fluorescent protein.

covered a range of cellular phenotypes, and a set of 
descriptors was used for each probe to capture the infor-
mation. Using advanced bioinformatics and statistics, a 
titration-invariant similarity score was developed that 
led to the classification of compounds based on biologi-
cal outcomes rather than chemical similarity. Not only 
did this approach successfully categorize known, blinded 
drugs, it also revealed possible mechanisms of action for 
two previously uncharacterized ones.

A more thorough understanding of the molecular 
mechanism by which a drug modulates a specific tar-
get would also lead to the development of appropriate 
bioassays for clinical studies. As the tissue of choice is 
often blood, flow cytometry has been the mainstay for 
more than 20 years. Flow cytometers are now used rou-
tinely for biological marker assays, such as the analysis 
of cytokine expression93–95, lymphocyte phenotyping96 
and cell-cycle analysis97. With the evolution of new 
technology for detection of novel antigens and signalling 
molecules98, flow cytometry will be increasingly used for 
these purposes.

The ultimate goal is to deliver biomarkers to meas-
ure drug efficacy in the preclinical and clinical stages 
of development. The extension of cellular imaging tech-
niques to in vivo studies99,100 will be of immense benefit 
towards understanding drug action, enabling a more 
seamless transition from the laboratory to the clinic.

Determining in vivo drug efficacy using cellular imaging. 
Certain therapeutic areas such as cancer biology are 
already reaping the benefits of the use of cellular imag-
ing techniques, for example, in monitoring cancer cell 
fate in live animals. Fluorescent proteins such as GFP 
have been used to monitor cell fate in vivo, through the 
injection of cancer cell lines stably transfected with GFP 
into animals101. Such studies using surgical orthotopic 
implantation of GFP-transfected Chinese hamster ovary 
cells in animals demonstrated that single metastatic cells 
could be detected in fresh tissues102. GFP-transfected 
cells can also be detected in live animals using real-time 
intravital micros copy at the single-cell level103. However, the 
use of such GFP models is limited by tissue density, which 
hampers fluorescence detection101.

Bioluminescence imaging (BLI) is currently being 
used to the same end. Bioluminescence refers to the 
conversion of chemical energy into visible light, such as 
through the action of luciferase. Luciferase activity in vivo 
is based on the transmission of light through tissues that 
is detected by low-light imaging devices based on highly 
sensitive CCD cameras104. BLI is a highly quantitative 
technique that can be used to screen cancer inhibitors 
in vivo for their capacity to modulate a particular target. 
In one example, a transgenic mouse expressing a fusion 
protein between luciferase and the transcription factor 
E2F1105 was engineered. Activation of this transcription 
factor is the result of one of the most common signalling 
pathway alterations found in human cancers: the inac-
tivation of the retinoblastoma pathway. When injected 
with platelet-derived growth factor (PDGF, which acti-
vates the nuclear-binding activity of E2F1 (REF. 106)), the 
mice developed oligodendrogliomas that were detectable 

by BLI in the live animals. The image intensity correlated 
with tumour size as measured by histological techniques. 
Development of the tumours over time could also be 
measured using BLI (via the increase in photon emission 
from the brain area over a 5-day period). More impor-
tantly, PDGF receptor inhibitors resulted in a substantial 
decrease in light emission over time.

Another promising cellular imaging methodology is 
quantum dot bead technology. Quantum dots are minute, 
light-emitting particles with unique optical and electronic 
properties107,108. They have generated much excitement 
as superior tags for cellular imaging when combined 
with fluorescence scanning microscopy, thanks to the 
improved spectroscopic properties of the bead particles 
in comparison with organic dyes or fluorescent proteins. 
Calculations based on the optical properties of tissue 
suggest that the use of near-infrared-emitting quantum 
dots would allow the detection and resolution of 10–100 
labelled cells. Quantum dots can be conjugated to vari-
ous moieties such as DNA oligonucleotides, aptamers 
or antibodies. A convincing proof-of-concept study 
showed that quantum dots coupled to an antibody could 
recognize prostate-specific membrane antigen (PSMA), 
which is expressed at the surface of prostate cancer cells. 
These quantum dot probes were injected in vivo into 
C4-2 tumour xenografts maintained in athymic nude 
mice and the PSMA-positive cells could be detected by 
epifluorescence microscopy. Finally, when anti-PSMA-
coated quantum dots were injected into animals bearing 
C4-2 tumour xenographs, prostate tumour cells could 
be visualized in live animals using spectral imaging. 
These technologies could soon see widespread use in 
the pharmaceutical industry for assessing the effects of 
compounds in similar in vivo systems.

Future challenges
Cellular imaging techniques are currently of most 
interest to the pharmaceutical industry for target 
discovery, lead optimization, in vitro toxicology and 
compound profiling4. So far, less attention has been 
given to the potential applications of cellular imag-
ing for primary screening and for the study of cell 
fate in live animals. Indeed, several factors limit the 
extensive use of cellular imaging in primary screening 
(TABLE 3), such as the high cost of reagents, complex 
assay development and data-management issues4. In 
particular, cellular imaging is based on staining tech-
niques, which involve many steps not amenable to 
automation. For example, centrifugation steps, precise 
fixation/permeabilization times, as well as numerous 
aspiration and dispensing procedures, are not HTS 
compatible. Future improvements might come from 
the development of automation-friendly reagents, 
such as commercial antibodies validated for imaging 
(stable for long periods of time at room temperature), 
or all-in-one fixation-permeabilization solutions. A 
combination of higher-resolution imaging systems and 
more user-friendly reagents will greatly facilitate the 
use of cellular imaging in primary screening.

Despite the pitfalls, the prevalence of cellular imaging 
as a drug discovery tool has increased the throughput 
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of discovery platforms in pharmaceutical and bio-
technology companies. The average number of rou-
tinely run screens incorporating cellular imaging 
in large pharmaceutical companies was estimated 
to be 6.8 screens in 2005 and is expected to increase to 
10.4 screens in 2006 (REF. 4). In addition to screening 
relevant cell lines, cellular imaging will also facilitate the 
use of human primary cells and stem cells in assays. As 
biomass generation from primary cells is not equivalent 
to that of cell lines, the number of primary cells used 
per well should ideally be kept low (that is, hundreds 
of cells per well), as compared with higher numbers of 
cells from cell lines (at least thousands of cells per well) 
for performing large screening campaigns. The use of 
new platforms with higher resolution and multiplexing 
capacities will successfully exploit this limited biomass 
for large screening campaigns.

Another consideration is that many of the current 
phenotypic analyses and read-outs are performed 
on fixed cells. The use of live cells will enable a more 
dynamic analysis of the activity of drugs, facilitating 
kinetic analysis and toxicology studies in a ‘real-time’ 
manner. New imaging systems are beginning to appear 
on the market, including systems that can record real-
time changes in cell morphology and physiology through 
a classical, visible light microscope without the addition 
of dyes or antibodies.

The implementation of cellular imaging in drug 
screening (in particular primary screening) brings 
tremendous challenges in quality control of the screens, 
as well as in data analysis. Even in the simplest of assays, 
there is the choice of a myriad of parameters for possible 
analysis; the challenge is to select the right one(s). Which 
parameter is the most relevant when assessing the effect 
of thousands of compounds on a neurite outgrowth 
assay. The same image can provide data on branch 
points, average number of neurites per cell, cell number 
or neurite length. The most realistic solution would be 

to take into account several relevant parameters for data 
quality control and selection of positives. This necessi-
tates that biologists join forces with computer scientists 
and statisticians to assess the best program to use for 
exploiting the data. Such software packages are starting 
to become available to the industry109 and are begin-
ning to be implemented in this final crucial stage of the 
screening process.

In addition to measuring individual parameters, cel-
lular imaging technologies can be promising tools for 
studying cell systems biology to understand physiology 
and disease at a whole-cell level. In this approach, a 
complex network of cell types, treatments and read-
outs are analysed by machine-learning algorithms. The 
aim is to discriminate as many disease-modulating 
agents and drugs as possible while taking a minimal 
set of measurements110. This methodology requires that 
relevant information be selected by processing large 
amounts of data into computer models of regulatory 
networks. For instance, multidimensional flow cytom-
etry was used to record 11 intracellular proteins and 
phospholipids in individual human peripheral blood 
cells subjected to nine treatments111. These data were 
processed using machine-learning algorithms and the 
system was able to automatically identify most of the 
previously reported signalling relationships while also 
predicting new pathways, which were then verified 
experimentally. Cellular imaging combined with pow-
erful computing techniques could therefore revolution-
ize our understanding of the complexity of the mode 
of action of drugs, as well as our understanding of the 
dysfunctions of diseased cells.

How could cellular imaging affect the process of 
compound progression within the pipeline? Structure–
activity relationships are commonly used by medici-
nal chemists to improve small-molecule properties1. 
Cellular imaging, when combined with systems biology, 
could promote a more biology-driven environment for 

Table 3 | Current limitations of cellular imaging

Drug R&D stage Measure Required throughput Running costs Limitations

Target identification Phenotype Medium/high Low • Some phenotypes are difficult to quantify in a 
robust manner
• Assay development can take a long period of time

Primary screening 
(on target)

Subcellular 
events

Medium/high High 
(antibodies/dyes)

• Automation of such assays might be extremely 
difficult in HTS mode
• Complex screening procedures

Secondary 
compound 
screening

IC50 value against 
target/phenotype

Low/medium High 
(multiplexing)

• Complex assay development and screening 
procedures
• Multiplexing approaches require in-depth 

knowledge of data treatment

Mode-of-action 
studies

Subcellular 
modification

Low High 
(multiplexing)

• Complex assay development and screening 
procedures
• Multiplexing approaches require in-depth 

knowledge of data treatment

Biomarker Cell surface 
marker

Low Low/medium • Flow cytometry still requires highly specialized 
personnel

In vivo cellular 
tracking

Cell fate Low High • Technology still in its infancy. Requires combination 
of cell biology, imaging and in vivo skills

HTS, high-throughput screening.
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